The atmospheric pressure plasma treatment on plasma polymer thin films was investigated to control the immobilization of DNA alignment. The amine groups of aminopropyltriethoxysilane have been generally used for the fixation of DNA on the substrate. However, it is easily influenced by humidity, and so it is hard to control precisely the formation of the self-assembled monolayer. The plasma polymer thin films with the atmospheric pressure plasma treatment are expected to be hardly influenced by humidity. Moreover, the densities of the amine groups are expected to be controlled by the treatment. In this work, organic and organic-inorganic hybrid plasma polymer thin films were formed on Si(100) by plasma enhanced chemical vapor deposition using methylcyclohexane and tetraethylorthosilane (TEOS), and the amine groups were formed on the surfaces by N 2 atmospheric pressure plasma treatment. Fourier-transform infrared absorption spectroscopy showed that the amine groups were increased with the treatment. The surface densities of the amine groups were obtained from averaged extinction coefficients of UV-visible absorption spectra. DNA fixation was successfully performed with a tilting method for aligning well stretched DNAs on the surfaces, through optimization of the surface condition in the treatment. #
Introduction
The semiconductor technology let silicon materials make integration by a top-down method developed by nanotechnology merged with biological and information technologies, and also by a bottom-up method to constitute a device with self alignment of atoms and molecules. Here, the technologies of forming stable molecular layer are required to improve self alignment of atoms and molecules and to materialize stable surface characteristics.
In the field of nanotechnology, DNA molecules are considered to be attractive building blocks for generating superstructures, because DNA is a nanowire with approximately 2 nm in diameter and it has very long molecular structure with a well defined polymeric sequence and many functional groups. [1] [2] [3] Nanoscaled electronics requires the development of bottom-up methods such as the uses of chemical syntheses, self alignment of atoms and molecules, and self-assembled supra molecules, where nanoparticles and DNA molecules are attractive building materials and backbones for the formation of such structures. Metal nanowires are expected to be formed by the electrostatic attachment of metal nanoparticles such as Au, Pd, Pt, and Cu to DNA. The techniques of aligning and immobilizing the DNA molecules on various substrates are thus important, and the metal nanowires fabricated in this way have been extensively investigated for their application to nanodevices with highly ordered electronic components. -DNA molecules have been so far aligned on Si substrates via dipping/ pulling and via selective adsorption methods. These methods have employed coatings of patterned aminopropyltriethoxysilane (APS) for attaching the DNA, and octadecyltrichlorosilane (OTS) for passivating the DNA. 1, 10) However, such coatings are easily affected by humidity since ethoxysilyl and chlorosilyl groups are easily hydrolyzed, so that it is hard to control precisely the function of the surface. [3] [4] [5] [6] [7] [8] [9] In this work, the plasma polymer thin films and the atmospheric pressure plasma treatment, which were expected to be hardly affected by humidity, was investigated to control the surface density of amine groups and to optimize the surface condition with respect to the subsequent alignment of DNA molecules: lower surface densities make insufficient attachment of DNA and higher surface densities make DNA not to be distributed well on the substrate resulting in lumps of DNA. The stretching and aligning of -DNA wires were discussed in terms of the interaction of the phosphate groups of DNA backbone with the primary amine groups (-NH 3 þ ) to form phosphoramidite bonds with phosphate groups of DNA, as shown in Fig. 1 . [10] [11] [12] 
Experiment
Deposition of plasma polymer, surface treatment by atmospheric pressure plasma (APP), and alignment of DNA were conducted as outlined in Fig. 2. 2.1 Deposition of plasma polymer and surface treatment by APP The plasma polymer thin films were deposited by using plasma enhanced chemical vapor deposition (PECVD) system with a laboratory-made stainless-steel chamber [ Fig. 3(a) ]. Si wafer substrates were prepared for the deposition of a methylcyclohexane plasma polymer and a 
Analysis
The changes in chemical bonding states of plasma polymer thin films were evaluated by Fourier-transform infrared (FT-IR) absorption spectroscopy. The surface morphology of the plasma polymer and the aligned DNA were observed by a contact mode atomic force microscope (AFM). UV-visible absorption spectroscopy was used to measure the surface density of amine groups, which were derived from averaged extinction coefficients of the spectra.
Measurement of the surface density of amine groups
APP treated substrates were immersed in anhydrous ethanol (3 ml) containing 4-nitrobenzaldehyde (3 mg) at 50 C for 12 h under argon as the atmosphere of an environment. Condensation can generally be driven by the removal of water. The large excess of 4-nitrobenzaldehyde also favored the forward reaction to give a quantitative yield of imine formation that was completed within 12 h. After condensation, the substrates were sequentially sonicated in methanol, methylenechloride, and methanol for 3 min each and then dried under vacuum. The substrates on which imine formed were immersed in water (3 ml) containing acetic acid (10 l) and at 30 C for 1 h (Fig. 4) . Finally, the substrates were washed and sonicated in water for 30 min.
The surface densities of amine groups are important, since they determine the densities of the subsequently self- 4 . The formation of UV absorbable imine surface to measure the surface densities of amine groups. 13) assembled molecules on the substrates and the physical and chemical properties of the self-assembled layer. UV-visible spectra were examined from 200 to 900 nm. The observed absorbance allowed surface density to be derived with assuming that the averaged extinction coefficient of the chromophore in solvents was applicable for the selfassembled chromophore by 13 )
where N s is the surface density of amino group (nm À2 ), V s is volume of solution, N A is Avogadro number, A m is mole absorbance, C ma is mole absorption coefficient, and S sample is sample size. . DNA molecules were stretched and aligned along the direction of the sample's tilting. The DNAs stretched on the plasma polymer thin film treated by N 2 APP were observed by AFM. 
Results and Discussion
The bonding state of the plasma polymer thin films was analyzed by FT-IR absorption spectroscopy from 4000 to 400 cm À1 (Fig. 5) . The bands at 700-1000, 650, 1000-1200, 1440, 1650, 1700, 2800-3000, 3200-3600, and 3550 cm À1 correspond to alkenes (Si-CH x ), NH 2 , Si-O-C, CH x bending vibrations, NH 2 , C¼C, C¼O, CH x stretching vibrations, and Si-OH bands, respectively.
14) The spectra maintained similar positions, and the intensity of each peak was slightly affected by the RF power in the deposition of the films. After N 2 APP treatment, the plasma polymer thin film was lightly etched and the primary amine groups were formed, which appeared clearly in the IR spectra. Amount of carbon species was reduced by N 2 APP treatment, because carbon species reacted by oxygen in the atmosphere (oxygen or water) to generate gaseous carbon oxide. Therefore, few carbon species remained on the substrates after N 2 APP surface treatment. On the other hand, NH 2 was formed during the N 2 APP treatment and bonded to the plasma polymer surface. The surface density of amine groups (Table I) , which was derived by using eq. (1) from UV-visible spectra (Fig. 6) , decreased on both the organic and organic inorganic hybrid plasma polymer films with increasing N 2 flow rate. On the other hand, it was affected in a different manner by RF power in each case. On the hybrid plasma polymer, it rapidly decreased with increasing the RF power in the deposition of the films. On the organic plasma polymer, it increased as the RF power increased from 20 to 30 W and then drastically decreased as the power increased from 40 to 50 W. The surface density of amine groups was maximized at 76.4 amines/nm 2 , in the case of N 2 APP treatment with 200 W and 50 sccm on the hybrid plasma polymer thin film of 20 W. On the other hand, the greatest amine group density appeared in the case of the N 2 APP treated organic plasma polymer thin film when the RF power in the thin film deposition was 30 W. These results suggest that the effect of N 2 APP treatment on the plasma polymer surface would be influenced by chemical and physical properties of plasma polymer thin films. In the present experiment, plasma stability in N 2 APP deteriorated with increasing the N 2 flow rate, which might lead to the decrease of the amine group density because the amount of excited nitrogen species in the plasma should be decreased with the deterioration of plasma stability. Moreover, the RF power in the deposition of plasma polymer films might influence to hardness of the films. The hardness would be increased with the RF power, which might be related to the decrease of the amine density. Meanwhile, it was shown that the hardness of hybrid plasma polymer was weaker than organic plasma polymer in the same RF power. 15, 16) Consequently, the plasma polymer with lower hardness would be easily treated by N 2 APP, resulting in the higher amine group density in the hybrid plasma polymer films.
AFM images of the -DNA fixation on the plasma polymer surface, which is realized by the tilting method, are shown in Fig. 7 . The AFM image in Figs. 7(a) and 7(b) showed that the samples had similar root mean square (RMS) roughness of 0.90-0.96 nm after N 2 APP treatment. The organic thin film with N 2 APP treatment of 30 W in RF power, with a surface density of amine groups of 50.9 amines/nm 2 , realized well stretched -DNA on the substrate [ Fig. 7(b) ]. On the other hand, the hybrid thin film with N 2 APP treatment of 20 W, with 76.4 amines/nm 2 , brought about the fixation of -DNA in lumps on the substrate [arrows in Fig. 7(c) ], although the surface roughness of the hybrid plasma polymer thin film was smaller than the organic plasma polymer. Here, it is thought that the surface with larger roughness shows the tendency to be easy to adsorb -DNA, but it is not the case. The well stretched -DNA would be observed with the organic plasma polymer with N 2 APP treatment of 30 W, in spite of its larger surface roughness. This suggests that the feature of the -DNA fixation is mainly determined by the amine density on the surface. It was thus shown that the -DNA fixation would depend on the amine group density, and the optimal amine density was approximately 50 amines/nm 2 in the present case, and too strong interaction between DNA and the -NH 3 þ would give rise to the fixation of -DNA in lumps.
Conclusions
The organic and organic-inorganic hybrid plasma polymer thin films formed by plasma enhanced chemical vapor deposition using methylcyclohexane and TEOS precursors were treated by N 2 APP to modify their surface functionality through the introduction of amine groups. The fixation of -DNA was investigated through the attachment by a tilting method. FT-IR absorption spectroscopy showed the changes of the surfaces of the plasma polymers through a N 2 APP treatment: carbon species decreased and NH x was introduced. The surface densities of amine groups, which were derived from the surface measurement, decreased with increasing the deposition RF power and N 2 flow rate, and were maximized in hybrid plasma polymer with N 2 APP treatment of 20 W in RF power. It was also deduced that it would depend on the physical properties of as-deposited plasma polymer. The optimal conditions were found to be APP treatment with 50 sccm in N 2 flow rate and 30 W in RF power for the organic plasma polymer substrate, resulting in the well stretched -DNA on the substrate. Overall, DNA was immobilized by N 2 APP treatment on an organic plasma polymer thin film, which is expected to be useful for application in the fabrication process of forming nanowire devices.
